A theoretical investigation of the effects of imaging a patterned rough surface through focus is performed, and the statistics of the image plane irradiance, as well as those of the image pattern printed in a threshold-type photoresist, are investigated. It is demonstrated that the line edge roughness in the printed image increases substantially as the image plane is moved out of focus, for both fully and partially coherent optical systems. Furthermore, the increase in line edge roughness occurs in what is considered to be an otherwise acceptable depth of focus for an ideal system.
Introduction
Newly developed extreme ultraviolet ͑EUV͒ lithographic systems utilize all reflective multilayer-coated optical elements for image formation. The object structure is a patterned mask that is imaged into a thin photoresist film on a semiconductor wafer. A key element in these optical systems is the patterned mask structure. Limits in fabrication technology, as well as the random nature of the multilayer deposition process used in fabricating this mask structure, which has been shown to increase the top surface and interface roughness by as much as 2.5 times the substrate roughness in the upper layers of a reflective mask structure, can result in an optical phase roughness that is a significant fraction of the wavelength Ϸ13 nm used for photoresist exposure.
1,2
The phase roughness is a substantial concern, since it has been shown that phase roughness originating from the object plane of an optical system causes width variations in the resultant image printed in a threshold-type photoresist.
3,4 These width variations, also called line edge roughness ͑LER͒, are partly caused by the phenomenon of speckle. The formation of speckle caused by a bare rough surface in the object plane is well understood.
3-10 Furthermore, it has been shown 11,12 that speckle caused by a slightly rough object is minimized at perfect focus and substantially increases as the observation plane is moved out of focus. Speckle in partially coherent imaging systems has also been studied, although only for the case of a bare rough surface in perfect focus. 6 However, the study of how the coherent and partially coherent speckle statistics of the image plane are changed when the rough object is used in conjunction with patterned structure has been incomplete, and no quantitative analytical study of subject including the effects of defocus has been previously reported. Such is the purpose of this publication. Furthermore, this paper examines the statistics of the resulting photoresist threshold pattern, printed by an image that suffers from the effects of speckle in both fully coherent and partially coherent optical systems.
This paper begins by extending the well-known theory developed for coherent imaging of a rough surface to include the effects of a pattern structure. The result of this theoretical development for coherent optical systems is an analytical expression for the rms irradiance variation in the image plane as a function of spatial position. The results of a Monte Carlo simulation are compared with the analytical result. A relationship is determined between the variations in image irradiance and the LER produced in a threshold photoresist. Using this relationship in conjunction with the analytical theory presented in this paper, it is demonstrated that the LER that occurs in a binary photoresist pattern increases dramatically within what is thought to be an otherwise acceptable depth of focus. Finally, a theoretical analysis is performed, which analyzes the effects of defocus on the LER produced by a partially coherent imaging system. This analysis is performed analytically for a onedimensional system, and simulations are preformed on a physically realistic EUV configuration.
Theory "Fully Coherent Source…
The effect of a slightly rough surface on the object-plane electric field is modeled as a random phase function of the form
The random phase roughness function ͑x͒ is given by
where H(x) is a function representing the height variations of the rough surface. Throughout the remainder of this publication it is assumed that the ͑x͒ is a stationary, zeromean, Gaussian random process with a variance given by 2 and a correlation function given by R (⌬x). 
